Introduction
[2] Anthropogenic inputs have significantly altered the biogeochemical cycle of lead in the North Atlantic Ocean, and during the 1980s, more than 95% of lead encountered in the surface mixed layer derived from industrial or automotive contamination via atmospheric deposition [Hamelin et al., 1997; Schaule and Patterson, 1983; Boyle, 1987, 1988b; Véron et al., 1994] . The distribution of marine lead therefore reflects anthropogenic lead emissions to the atmosphere and its transient input to distinct water masses. During the 1970s and early 1980s, the largest single source of lead to the Northern Hemisphere atmosphere derived from the utilization of leaded gasoline ( Figure 1 ). Emissions from the United States peaked in 1972 and have subsequently declined, a consequence of environmental initiatives on stricter emissions control [Wu and Boyle, 1997a] . The European Community (EC) began to eliminate leaded gasoline in the mid-1980s. Monitoring of surface waters near Bermuda and the western North Atlantic showed a threefold decline in lead concentrations from 1971 to 1987, with continuing but notably slower decline in the 1990s [Shen and Boyle, 1988b; Wu and Boyle, 1997a] . A similar decrease in lead concentrations has been detected in the Mediterranean [Alleman et al., 2000; Nicolas et al., 1994] .
[3] Trace metals, such as lead, with atmospheric sources and surface ocean residence times of less than a few years show substantial spatial and temporal variability in the surface mixed layer and upper thermocline due to seasonal cycles, storm, or eddy events and the changing strength of source emissions [Boyle et al., 1986 [Boyle et al., , 1994 . This variability can significantly obscure long-term trends, supported by surface water [Pb] and [ 210 Pb] measurements near Bermuda [Boyle et al., 1986 [Boyle et al., , 1994 Véron et al., 1993] . Consequently, discrete concentration measurements at a site do not necessarily reflect the lead emission pattern and the varying contributions from different sources. While repeated observations at a site over many years can overcome this noise problem, and sufficient spatial coverage can average out the atmospheric noise during a single period, concentration measurements alone remain sparse [Boyle et al., 1994] .
[4] The isotopic Pb composition of a discrete sample reflects the weighted mean of each anthropogenic source (e.g., North America, Africa, or Europe). The individual source composition, however, reflects the relative contribution of distinct anthropogenic processes emitting lead of variable isotopic composition (lead smelting, leaded gasoline consumption, coal combustion). These are not affected or altered by low-temperature environmental and biological processes after their release [Reuer and Weiss, 2002] .
[5] A comprehensive map of lead isotopic compositions of aerosols collected on a hemispheric scale showed the potential of Pb isotopes to discriminate between different sources on a wider scale [Bollhoefer and Rosman, 2001] . The isotopic composition of some regions may overlap with others, but some are unique and the ratios span a wide range. For example, during the 1990s, the least radiogenic compositions were found in France and Spain ( 206 Pb/ 207 Pb between 1.097 and 1.142) and the most radiogenic in the United States ( 206 Pb/ 207 Pb between 1.173 and 1.231). With respect to North Atlantic surface waters, the presence of American lead has been detected over the entire north and central North Atlantic [Véron et al., 1994] and the subtropical northeastern Atlantic [Hamelin et al., 1997] . In two recent contributions, lead isotopes were further applied to elucidate the role of oceanic circulation on contaminant distribution in the South Atlantic [Alleman et al., 2001a [Alleman et al., , 2001b .
[6] As leaded petrol has been phased out on both sides of the North Atlantic Ocean, the source strengths and contributions have changed, affecting the isotopic composition of the atmosphere [Bollhoefer and Rosman, 2001] . It was suggested that during the 1990s, high-temperature industrial processes had become progressively important, as reflected in concentration measurements of surface seawater [Wu and Boyle, 1997a] and in lake sediments [Chillrud et al., 1999] . The time-dependent evolution of the lead isotope signature in the North Atlantic atmosphere as a function of changing global lead emission pattern has been demonstrated using marine sediments [Hamelin et al., 1990; Véron et al., 1987] , surface and deep waters [Alleman et al., 1999; Boyle et al., 1986; Shen and Boyle, 1988a; Véron et al., 1994 Véron et al., , 1999 , corals [Shen and Boyle, 1987; Reuer et al., 2003] , marine blanket bogs , and Greenland ice cores [Rosman et al., 1993; Sherrell et al., 2000] . Rosman et al. [1993] showed that the 206 Pb/ 207 Pb ratios of eolian deposition in Greenland shifted from 1.17 -1.19 in the late 1970s to 1.14-1.16 in the 1980s as the phasing out of lead additives in North American gasoline preceded that in European gasoline. Using the isotopic composition of corals, it was further shown that the decrease of American input to the Sargasso Sea was coupled with increasing proportions of recycled European lead [Shen and Boyle, 1988b] .
[7] With the passage of time from the 1972 maximum, the lead tracer has been transported into intermediate and deep water (given their greater ventilation ages) allowing stable lead isotopic compositions to be employed as tracers of abyssal mixing. Vertical concentration profiles in the subarctic North Atlantic showed spatial gradients in the isotopic signature consistent with the thermohaline circulation pattern of the different water masses in that region and their discrete isotopic signatures . Likewise, it was shown using Pb isotopes that advective transport of lead into the deep abyssal waters is facilitated through the formation of North Atlantic Deep Water (NADW) [Alleman et al., 1999; Reuer and Weiss, 2002] .
[8] The anthropogenic lead transient has multiple unique characteristics, complementing existing transient tracer studies [e.g., Broecker and Denton, 1989; Sarmiento, 1983] : (1) the depositional pathways are likely more heterogeneous relative to other atmospherically derived transient tracers, with focused deposition within the subtropical North Atlantic and NADW formation sites; (2) the historical elemental and isotopic North Atlantic variability are distinct, providing independent constraints for inverse transport models; and (3) the historical isotopic variability is significantly earlier relative to other transient tracers, with the first observed North Atlantic 206 Pb/ 207 Pb reduction in 1886 [Reuer et al., 2003] . However, given the difficulties of sampling clean seawater, the high costs of cruises, and the difficulties of precise and accurate concentration and isotope ratio measurements, many parts of the North Atlantic are still little studied.
[9] The objective of the present study was to complement our present understanding on the spatial and temporal evolution of Pb isotope ratios and concentrations in the North Atlantic and to discuss its implications on the use of lead as hydrographic tracer in oceanographic processes. This study builds upon results obtained from the IOC cruises in 1993 and 1996 [Alleman et al., 1999; , the GCE/CASE/WATOX cruise in 1988 [Véron et al., 1994] , the BATS station and its vicinity [Alleman et al., 1999; Shen and Boyle, 1988b; Sherrell et al., 1992; Véron et al., 1993] , the Endeavor 157 cruise in 1987 [Hamelin et al., 1997] , and the cruises at the EUMELI sites (between 1990 and 1992) [Hamelin et al., 1997] . This extended data set aims to constrain our knowledge of the temporal and spatial evolution of lead in the North Atlantic during the 1980s, to assess how anthropogenic lead has dispersed into the surface ocean and to what extent European and North American contributions influenced the oceanic lead distribution. To achieve these goals, we measured lead concentrations and isotope ratios in surface waters sampled in 1981 and 1989 from two different cruises covering most of the North Atlantic and discuss it within the framework of the surface ocean circulation.
Samples and Methods
[10] Surface water samples were collected during the TTO cruise in 1981 (29.3-78.7°N, 48.6°W-5.7°E ) and R/V Atlantis 123 cruise in 1989 (22.5 -38.8°N, 29.5 -68.4°W ). The oceanographic surface sampling protocol and trace metal clean techniques used on our own cruise R/V Atlantis 123 have been described previously [Boyle et al., 1986] . Briefly, polyethylene bottles were leached for 1 day at 60°C in reagent grade 1N HCl. The bottles were then inverted, kept at room temperature for an additional day, and then rinsed thoroughly by high-purity distilled water. The 1981 samples were taken by personnel from the Lamont-Doherty Geological Observatory, using the longpole sampling technique with double rinsing [Boyle et al., 1986] . Contaminated samples were observed and removed using the following steps: (1) three independent samples were collected at each sampling site, (2) each of these samples was first analyzed for Cu, Ni, and Cd, and (3) samples were then analyzed for Pb concentration and stable lead isotopes ( Pb). ''Contaminated'' was defined as concentrations that greatly exceeded the concentrations of most other samples in the region and were unsupported by nearby samples with similar concentrations. The 1989 samples were taken by MIT personnel trained in trace metal procedures using the MIT underway towed fish system [Vink et al., 2000] . All samples were left unfiltered (to minimize contamination) and acidified using 4 ml of triple distilled 6 N HCl per liter.
[11] Lead was extracted from seawater using a low blank Mg(OH) 2 preconcentration technique. The method and its applications for isotope ratio and concentration measurements have been described elsewhere [Weiss et al., 2000; Wu and Boyle, 1997b] . For concentration analyses, 1.3 ml samples were analyzed using 204 Pb isotope dilution, correcting for the 204 Hg isobaric interference by concurrent analyses of 202 Hg. The precision of this method at 40 pmol/ kg was $5%. The blank was in general 5 pmol/kg. Accuracy was assessed by analyzing selected samples by both graphite furnace atomic absorption spectroscopy and isotope dilution plasma mass spectroscopy, and these tests indicated no analytically significant differences between the methods [Wu and Boyle, 1997b] . For isotope analyses, 13 ml seawater samples were transferred into acid-leached polypropylene vials. Aqueous NH 3 was then mixed into the sample to precipitate Mg(OH) 2 . After the mixture was centrifuged, the supernatant was discarded. This procedure was then repeated. The resulting total precipitate was dissolved in ca. 100 ml 5% (v/v) HNO 3 , and another 1300 ml of sample were added. Then, NH 4 OH was added in a second precipitation step, centrifuged, and the super- Figure 1 . Leaded gasoline consumption in the United States and Europe, including France, UK, Germany, and Italy, which account for $70% of western European gasoline consumption [Wu and Boyle, 1997a] . The United States has been by far the dominant national gasoline lead consumer of all nations surrounding the North Atlantic Ocean until the early 1980s. It was only in the late 1980s that U.S. gasoline lead consumption had decreased to less than 10% of its peak value. natant was discarded again. The final precipitate was dissolved in 1000 ml of 5% (v/v) HNO 3 before the analysis. The procedural blank was determined by doing the precipitation step on Pb-free seawater and carrying it through the procedure as a sample. The blanket accounted in general for less than 3% of total lead analyzed. Samples with a blank contribution above 10% were discarded.
[12] Lead isotope ratios and concentrations were measured using inductively coupled plasma mass spectrometry with a quadrupole mass filter (VG Plasma Quad II+) and a low-flow CETAC microconcentric nebulizer. The mass bias was determined using repeated measurements of NIST SRM 981, and the correction factor varied from 0.989 to 1.0004 during the analyses performed in this work. [Weiss et al., 2000] . Note that the TIMS Pb sample masses were quite low (ca. 300 pg) so that very high precision (50 ppm) was not attainable on these samples. [15] Tables 1 and 2 give the lead isotope ratios 206 Pb/ 207 Pb and 208 Pb/ 206 Pb, the concentrations measured in the collected sample, and the calculated average for each region, sample ID, and station coordinates. Pb ratios (Figure 2 ). This might be explained by the fact that European Easterlies are transported to the south from France, Spain, and Portugal, forming the Iberian pattern [Church et al., 1990; Maneux et al., 1999] and showing thus a stronger influence in the East Iberian Basin compared to other basins with similar proximity to Europe. A similar spatial distribution pattern with respect to radiogenic/unradiogenic lead across North Atlantic surface water samples was found during the GCE/ CASE/WATOX cruise in 1988 [Véron et al., 1994] . Radiogenic lead, expressed with respect to the Atmospheric deposition from tropospheric polar cells (North American (NA) Westerlies and European Easterlies) and advected surface waters from the Arctic were proposed to account for these patterns [Véron et al., 1994] (see detailed discussion below).
Results and Discussion
[17] [Pb] in these different regions ranged from 54 pmol/ kg (Norwegian Sea) to 140 pmol/kg (Iceland Basin). They were slightly higher between the Azores and Canary Islands (118 ± 23 pmol/kg, n = 7) and lower in the subarctic region north of 65°N (68 ± 8 pmol/kg, n = 5) compared to the Labrador and Iceland Basins (90 ± 27 pmol/kg, n = 9). The higher concentrations in the central and eastern North Atlantic correspond to latitudes with the most important urban emissions centers of North America and Europe (between 35°and 60°N). Further north, average [Pb] was significantly lower. Within the regions, concentrations vary around 1.5 fold. The systematically highest lead concentrations were found in the North Atlantic Basin (87 -145 pmol/kg), but the large concentration range was intersected by every North Atlantic region south of 65°N.
Lead Isotope Ratios and Concentrations in North Atlantic Surface Waters in 1989
[18] 206 Pb/ 207 Pb surface water ratios in the east to west subtropical North Atlantic transect ranged between 1.177 and 1.192 (average: 1.186 ± 0.005, n = 22). South of 25°N, crossing the subtropical/tropical surface water boundary, the isotope ratios were distinctly less radiogenic (average: 1.172 ± 0.004, n = 2). The changes in the isotope ratios corresponded to water mass boundaries as reflected in the lower salinity and [Pb] ( 51 pmol/kg). Except in the cool continental shelf waters near Canada ( 47 pmol/kg), [Pb] in the subtropical North Atlantic were elevated, ranging between 69 ± 17 pmol/kg in the western region (North American Basin/Sargasso Sea, >45°W) and 97 ± 15 pmol/kg in the eastern region (North African Basin/ Central Iberian Basin, <45°W). A significant increase in This included the North African Basin (between Azores and Canary Islands), the East Iberian Basin (close to Portugal and France), the Labrador and Iceland Basins (between Canada and UK), and the Norwegian Sea (close to Norway). Shown are the major ocean currents: Gulf Stream, SNAG, NAD, and the prevailing winds Trade Easterlies (between 0°and 30°N), NA Westerlies (between 30°N and 60°N), and EU Easterlies (between 60°N and 90°N) and their characteristic isotopic composition.
Average concentration was also lower in the equatorial North Atlantic (47 ± 7 pmol/kg) compared to North African and North American Basins.
[19] Similar radiogenic signatures in the subtropical/ tropical North Atlantic have been found in surface waters north of the Canary Islands in the early 1990s [Hamelin et al., 1997] . Isotope ratios ranged between 1.177 and 1.183, suggesting a dominant North American influence even in the early 1990s despite the considerably earlier reduction of leaded gasoline in the United States. The subtropical/ tropical boundary (where surface water exchange is inhibited between the tropical and subtropical regions) on lead concentrations and isotopic ratios in the North Atlantic Ocean has been previously observed: Helmers and van der Loeff [1993] found a large decrease in lead concentrations south of the boundary and Véron et al. [1994] found that the spreading of equatorial waters by the Guyana Current between 15°and 25°N was marked by 206 Pb ratios around 1.15, Figure 3 ) [Hamelin et al., 1997] . The IOC-II cruise in 1996 showed similar low 206 Pb/ 207 Pb ratios within surface waters in the North Atlantic equatorial oceans (0°-10°N, 1.169 ± 0.006), explained by the combined contaminant influence of both NA Westerlies Pb isotope ratios measured in surface waters in three different regions of the North Atlantic Ocean sampled during the R/V Atlantis 123 cruise in 1989: the western subtropical North Atlantic (North American Basin/Sargasso Sea), the eastern subtropical North Atlantic (North African Basin/Central Iberian Basin), and the equatorial North Atlantic. Shown are also the major oceanic currents Gulf Stream, Subtropical North Atlantic Gyre (SNAG), and Canary Current and the prevailing winds Trade Easterlies (between 0°and 30°N) and NA Westerlies (between 30°N and 60°N) and their characteristic isotopic composition.
(1.19 -1.20) and European Easterlies (1.155 -1.165) [Alleman et al., 2001a [Alleman et al., , 2001b .
The Temporal Evolution of Atmospheric Pb Isotopic Ratios on Both Sides of the North Atlantic Basin During the 1980s
[20] Lead in the ocean is dominantly derived from atmospheric deposition of fine aerosols transported from the adjacent North American and European continents [Schaule and Patterson, 1983; Shen and Boyle, 1988b; Véron and Church, 1997] . To accurately utilize the isotopic composition of Pb for mixing calculations or source apportionment, one must constrain each source as precisely as possible. Table 3 shows estimated average 206 Pb/ 207 Pb ratios for the North American (distinguishing between Canadian and U.S. signatures in 1989), North African, and European troposphere, calculated from published isotopic data for atmospheric lead. The data set includes mainly aerosol measurements from the year when surface waters were sampled and from the 2 years prior, thus taking into account the 2-year residence time of lead in the surface waters (although all available data from pre-1980 were taken into account). The estimated 206 Pb/ 207 Pb ratio for the NA Westerlies is 1.218 ± 0.011 in 1981 and 1.206 ± 0.007 in 1989 (Table 3) , assuming U.S. contributions dominating the North American tropospheric signature [Wu and Boyle, 1997a] . Our estimates in Table 3 agree well with previously published isotope ranges for the western North Atlantic troposphere, e.g., 1.19-1.22 [Church et al., 1990] Pb ratios for the European troposphere are 1.110 ± 0.02 in 1981 and 1.142 ± 0.006 in 1989, both agreeing well with previously suggested ratios (e.g., 1.130 ± 0.02 for 1988 [Véron et al., 1994] ). The unradiogenic signature of the European troposphere was due to the use of lead from Australian, Moroccan, and Canadian Precambrian Pb-Zn ores (with 206 Pb/ 207 Pb < 1.10) for gasoline additives in Europe [Reuer and Weiss, 2002] . The significantly more radiogenic signature of the U.S. troposphere resulted from the increasing use of Mississippi Valley type lead in U.S. gasoline, with 206 Pb/ 207 Pb ratios above 1.22 [Chow et al., 1975; Reuer and Weiss, 2002] . Although the lead isotope composition of atmospheric particulate matter was distinctively less radiogenic in eastern Canada during the 1980s [Sturges and Barrie, 1989] , the incremental addition of Canadian lead to North American emission had no major consequences at any time [Wu and Boyle, 1997a] .
[21] One difficulty of source apportionment is that each region and its atmospheric signature can exhibit significant The isotope ratios measured with the VG TIMS comprise measurements of one independently processed aliquot (denoted with asterisks).
isotopic variability [Church et al., 1990; Véron and Church, 1997] . Indeed, precipitation scavenges lead at altitude in clouds and throughout the tropospheric column and integrates various isotopic information, compared to aerosols collected close to the sea surface level. Differences in ratios of more than 6% were found while measuring lead isotopes in aerosols and precipitation in the North Atlantic troposphere [Church et al., 1990] .
Source Assessment and Mixing Calculations
[22] Triple-isotope diagrams were used to assess the dominant lead sources and possible mixing end-members for the surface water samples collected in 1981 and 1989. Only the isotopes 206 Pb, 207 Pb, and 208 Pb were considered due to the analytical precision of the quadrupole ICP-MS.
[23] The plots in Figures 4a and 4b show (1) measured isotope ratios of surface seawater collected in 1981 and 1989, divided into the different geographic regions shown in Figures 2 and 3 , (2) the field of isotope ratios measured in U.S. (representing the NA Westerlies) and western European (representing the EU Easterlies) aerosols for the time span mainly between 1979 and 1981 , respectively [Flegal et al., 1989 Grousset et al., 1994; Hirao and Patterson, 1974; Hopper et al., 1991; Maring et al., 1987; Rabinowitz and Wetherill, 1972; Rosman et al., 2000; Sturges et al., 1993; Weiss et al., 1999a] , and (3) the field of isotope ratios of natural, crustal lead found in unpolluted atmospheric dust [Shotyk et al., 2001] . In addition, the plot in Figure 4b shows the field of isotope ratios previously (1987) measured in Sargasso Sea surface waters [Hamelin et al., 1997] , the source waters of the Southern North Atlantic Gyre (SNAG) [Schmitz and McCarthy, 1993; Schmitz, 1996] . The presence of a seasonal thermocline generally inhibits vertical mixing from May to October and favors transport from west (Sargasso Sea) to east (European and Iberian Basins) through surface currents (North Atlantic Drift (NAD), SNAG), making the Sargasso Sea a potential source for lead in the eastern North Atlantic [Hamelin et al., 1997; Véron et al., 1994] . Shown in Figure 4b , only, is the isotope field from the West African Trade winds [Hamelin et al., 1997] and finally for comparison, surface water ratios measured in the western and central North Atlantic [Véron et al., 1994] .
[24] In 1981 (Figure 4a) Pb. To assess the Sargasso Sea as an additional source for the lead encountered in the eastern North Atlantic, we need isotopic measurements of lead prior to 1981, but these are not available at present. However, assuming that samples 44B and 45B represent Sargasso Surface water (33°-34°N, 36°-41°W), then samples 144B and 158A in the Norwegian Sea and most samples of the Labrador and Iceland Basin could be derived from binary mixing between European Easterlies and/or Sargasso Sea surface water Pb as one end-member and NA Westerlies as the other end-member (Figure 4a ). In the same way, the samples from the East Iberian Basin could represent a binary mixing of European Easterlies as one end-member and Sargasso Sea surface water and/or NA Westerlies as the other end-member. It has been suggested before that the eastern Atlantic contains contributions from surface waters coming from the Sargasso Sea via the Gulf Stream and North Atlantic Drift (NAD) [Hamelin et al., 1997; Véron et al., 1994] .
[25] In 1989 (Figure 4b) Véron et al. [1994] .
[26] The isotope composition of most of the surface water samples in 1981 and 1989 can presumably be approximated by binary mixing between eastern United States and western European atmospheric Pb. It is impossible to calculate the contribution of each component precisely, given the range of isotope signatures of the sources and the possible influence of a third end-member. However, we attempted a rough estimate of the relative contributions of eastern United States and European lead contribution using conventional two-component mixing. The 206 Pb/ 207 Pb ratios of the different end-members used for the mixing calculations were 1.218 (1981) and 1.206 (1989) for eastern United States lead and 1.110 (1981) and 1.142 (1989) for European lead, derived from Table 3 . Table 4 shows the calculated range of U.S. lead contributions for the different regions of the North Atlantic Basin for both years.
[27] In 1981, U.S. lead contributions were lowest in the East Iberian Basin (between 53 and 65%) and higher in the other regions (between 69 and 94%). In 1989, North American lead contributions were still dominant in the North American and North Africa Basins; however, they were significantly lower compared to 1981 (57 -79%). In the equatorial North Atlantic, they were even lower, falling between 43 and 52%. Comparable contributions to lead deposition from NA Westerlies along the Irish coast in 1988 (58%) have been calculated using wind direction rosette [Véron et al., 1994] . Peat bog archives in Norway, Ireland, and Scotland [Dunlap et al., 1999; Schell et al., 1997; Weiss et al., 2002] as well as eolian particulate measurements in Oslo [Aberg et al., 1999] suggest similar mixing ratios for western European maritime locations.
[28] Although North American lead emissions from gasoline decreased during the 1980s, the relative contribution from eastern American sources dominated in the early and late 1980s. This result may indicate that emissions from high-temperature industrial processes in North America increased again in importance in the late 1980s. Mexican leaded gasoline emissions have been small compared to American leaded gasoline usage, and it was suggested it should not overwhelm emissions from American hightemperature industrial activities [Wu and Boyle, 1997a] . However, some studies have suggested that Mexican lead is becoming increasingly important in the total inventory, especially in southern United States [Bollhoefer and Rosman, 2001; Dunlap et al., 2000] . Also, this might explain the third lead component identified in 1989 in the western subtropical North Atlantic which would also agree with the radiogenic lead isotope ratios found in lead ores from Mexico and Peru [see Graney et al., 1995, and references therein] . A more careful source assessment, however, is clearly warranted.
Temporal Variations of Isotopic Signature and Concentrations Within the North Atlantic Basin
[29] Table 5 shows a compilation of reported 206 Pb/ 207 Pb isotopic compositions of dissolved lead measured in North Atlantic surface waters and NADW collected during different cruises in the 1980s and 1990s (EN 157 in 1987 , GCE/ CASE/WATOX in 1988 , EUMELI between 1990 and 1992 , IOC-II and IOC-III in 1993 and 1996 , respectively, and MED II in 1989 and from the Bermuda OFP-BATS station in 1997 [Alleman et al., 2001b [Alleman et al., , 2000 [Alleman et al., , 1999 Hamelin et al., 1997; Véron et al., 1994 Véron et al., , 1999 . This compilation allows us to discuss the data set of this study within the larger context of temporal and spatial variability. 3.5.1. North American Basin/Sargasso Sea
[30] The Sargasso Sea in the North American Basin has been sampled during the TTO cruise in 1981 (33°-34°N, 36°-42°W, this study), during the EN157 cruise in 1987 (31°-42°N, 47°-71°W, [Hamelin et al., 1997] ), during the GCE/CASE/WATOX cruise in 1988 (39°N, 55°W, [Véron et al., 1994] ), and the R/V Atlantis 123 cruise in 1989 (28°-38°N, 47°-68°W, this study). In addition to these surface water surveys, 206 Pb/ 207 Pb isotopic data have been obtained for water column profiles near Bermuda in 1984 [Shen and Boyle, 1987] , 1987 [Sherrell et al., 1992] , and 1989 [Véron et al., 1993] . In 1981, the 206 Pb/ 207 Pb ratios are radiogenic and average 1.192 (Table 1) . They remain radiogenic ranging between 1.186 and 1.197 in 1987 [Hamelin et al., 1997] ), $1.1889 in 1988 [Véron et al., 1994] and decline slightly only in 1989 between 1.177 and 1.191 (Table 2 ). The constant radiogenic signature in the North American Basin/Sargasso Sea surface waters and U.S. atmosphere (Table 3) , despite the strong decline in gasoline Pb emissions from the United States during the 1980s (Figure 1 ), confirms that another radiogenic Pb source from the North American continent has become increasingly important. This suggestion agrees with Pb concentration measurements in the sediments of Central Park, New York City [Chillrud et al., 1999] [Hamelin et al., 1989; Schaule and Patterson, 1983; Véron et al., 1993] . The small decrease in 206 Pb/ 207 Pb ratios between 1981 and 1989 is correlated with a small decrease in [Pb] (from 93 ± 6 pmol/kg in samples 44B and 45B in 1981 to 69 ± 17 pmol/kg in samples 1 -24 in 1989), which agrees with the decrease in lead concentration by a factor of two to three evidenced in the Sargasso Sea surface water [Wu and Boyle, 1997a] .
The Subarctic North Atlantic Region
[31] The subarctic region has been sampled during the TTO cruise in 1981, during the GCE/CASE/WATOX cruise in 1988 [Véron et al., 1994] , and in great detail during the OCI-II cruise in 1993 [Véron et al., 1994]) , and between 1.179 and 1.187 in 1993 (56°-59°N, 26°-28°W, ), showing a decreasing trend. The Labrador Basin, however, had ratios between 1.187 and 1.204 in 1981 (49°-53°N, 37°-49°W), between 1.188 and 1.192 in 1988 1.192 in (46°-55°N, 39°-45°W, [Véron et al., 1994 ), and 1.209 in 1993 1.209 in (55°N, 49°W, [Véron et al., 1999 ), showing a consistently high radiogenic ratio. These differing trends suggest that the Iceland Basin is more affected by European aerosol emissions, and the changing gasoline emission pattern is consequently reflected in the surface waters of that basin. The Labrador Basin, in contrast, seems dominated by North American emissions as the Pb ratios range between 1.188 and 1.201 (29°-35°N, 19°-41°W) in 1981 1.188 and 1.201 (29°-35°N, 19°-41°W) in , between 1.1898 1.188 and 1.201 (29°-35°N, 19°-41°W) in and 1.1913 1.188 and 1.201 (29°-35°N, 19°-41°W) in (26°-35°N, 28°-32°W, [Véron et al., 1994 ) in 1988, and decrease slightly in 1989 to ratios ranging between 1.179 and 1.192 (26°-33°N, (Figure 1 ) and agree with the trends of the estimated U.S. tropospheric signature, which becomes only slightly less radiogenic in 1989 (Table 3 ). The continuingly large contribution of North American lead to the North African Basin in the late 1980s suggests elevated industrial contribution from the eastern United States to the North African Basin, either due to advective transport from the Sargasso Sea and/or atmospheric transport. Figure 4a shows two samples that represent Sargasso Sea surface water signature (45B and 44B). However, they lie on the atmospheric mixing line, and it is therefore not possible to distinguish between the Sargasso Sea and the atmosphere as different end-members. Contribution of U.S. lead transported by advective surface currents from the Sargasso Sea to the eastern North Atlantic was estimated to account up to 40% of total Pb. The qualitative assumptions regarding possible transport of Pb from the western North Atlantic and Sargasso Seas to the subtropical eastern North Atlantic via the SNAG can be evaluated by semiquantitative calculations using surface current velocities. A smoothed map of averaged surface currents for the North Atlantic, based on ship drift data for the summer is given by Schmitz [1996] . Currents have average velocities of $1.7 km/h ($47 cm/s) between the Sargasso Sea and the central North Atlantic (at ca. 45°N).
In the European basin, the velocities are lower by half. At this speed, water may travel from the western edge of the North Atlantic Basin to the eastern edge in a year or less. This transit time is shorter than the residence time of lead in surface waters (2 years) as estimated from 210 Pb [Bacon et al., 1976] . However, ship drift velocities are contaminated by the effect of wind on the superstructures of the ship, so that in the Westerlies there will be a bias of current speed toward higher velocities. Recent work by Fratantoni [2001] based on drogued drifters showed that apart from the NAD and the Azores current, velocities in the central North Atlantic Gyre are generally 10 cm/s or less. Hence okay advective zonal lead transport can be significant in boundary currents, such transport might be less significant relative to atmospheric deposition in the central gyres. Pb ratios range from 1.173 to 1.182 with one very low value of 1.167. An exceptional source for this low lead isotope value (station sample 113A, Table 1 ) may be seen in the Gulf of Cadiz acid mine drainage by the rivers Rio Tinto and Odiel, which drain the Iberian Pyrite Belt (IPB). In the estuary of the Rio Tinto, the Pb concentration is 420,000 pmol/kg at 31% salinity. This water could be diluted by four orders of magnitude (barely detectable by salinity measurement) and still affect the [Pb] and its isotope composition. This would agree with findings of previous work on trace element concentrations in sediments and surface water of the Gulf of Cadiz [van Geen et al., 1997] and with average reported 206 Pb/ 207 Pb ratios of $1.165 for the IPB.
[34] In 1988, surface water isotope ratios became slightly more radiogenic and ranged between 1.1815 and 1.1850 (36°-46°N, 20°W, [Véron et al., 1994] ). No decline in isotope ratios similar to the other basins at the end of 1980 was seen. This might be due to the fact that (1) in Europe, in 1989, gasoline Pb emissions had strongly decreased and lead isotope ratios became again more radiogenic, e.g., 1.151 for 206 Pb/ 207 Pb in 1989 as derived from peat bogs archives [Weiss et al., 1999b] , (2) the decreasing input from acid mine drainage, or (3) the simply increasing 156 -1.162) , and from the equatorial basin measured in 1996 (1.154) [Alleman et al., 1999] .
[36] Newly formed NADW in the far North Atlantic shows 206 Pb/ 207 Pb ratios between 1.175 and 1.191 in 1993. These ratios are significantly different from contemporary American signatures, reflecting the mixing of radiogenic North American lead with less radiogenic western European lead [Alleman et al., 1999] . The intermediate and deep waters formed in the Labrador Sea include the intermediate water mass of Labrador Seawater (LSW) and Upper NADW (UNADW). Both water masses are formed by winter convection, and LSW crosses the North Atlantic in approximately 11 years [Sy et al., 1998 ]. The isotopic compositions of the surface waters of the Labrador Sea, the NAD, and North American Basin, all contributing source waters for the NADW in the Arctic [Schmitz and McCarthy, 1993] [Doney and Jenkins, 1994] .
[37] The isotope ratios measured in surface water samples in the early 1980s (this study) and in NADW samples during the mid-1990s [Alleman et al., 1999; Véron et al., 1999] confirm the role of oceanic circulation on contaminant lead distribution in the North Atlantic and its advective transport into deep basin waters through the thermohaline formation of NADW and along isopycnals [Schmitz and McCarthy, 1993] . Of note is the homogeneity of the isotope ratios in the surface waters in the western and eastern subtropical North Atlantic (North American and North African Basins) during the late 1980s but the significant variations are between the abyssal waters measured in 1997 in the North American Basin ( 206 Pb/ 207 Pb = 1.187 at OFP-BATS station) and in 1991 in the North African Basin ( 206 Pb/ 207 Pb = 1.156 at EUMELI stations). However, as the NADW ventilates the deep Sargasso Sea in 80-160 years and the deep eastern basin in 160-240 years, it takes many decades for the NADW to ventilate the North Atlantic. Only a small component gets there quickly [Broecker et al., 1991] , and this spatial variation is therefore not unexpected [Schmitz and McCarthy, 1993] . .177 -1.192) , indicating a prevalent impact of North American lead despite strong decreases in gasoline Pb emissions from the United States by the end of the 1980s. This suggests an increasing contribution from high-temperature industrial processes in the United States. The isotopic signatures of the surface waters were less radiogenic (between 1.170 and 1.175) south of the subtropical/tropical surface water boundary in 1989, suggesting a relative increase in the atmospheric imprint of lead from the western Mediterranean/African Easterlies. Lead in the North Atlantic during the 1980s could mostly be explained by lead deposition from the adjacent landmasses of North America and Europe, as triple isotope plots revealed. However, surface water samples from 1989 taken close to the southern North American continent suggest a third source. This is at present unidentified but may be attributable to Mexican leaded gasoline.
Conclusions

